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Introduction
Climate change due to greenhouse gas emissions as well as an increasing demand in energy, mainly caused by population growth and economic development, are worldwide concerns [1] [2] . Consequently, decentralized power generation, one of the keys to energy independance and security, is leading the way to fight global warming and promote energy efficiency (United Nations Framework Convention on Climate Change [1] and Kyoto Protocol [3] ).
Let us remind that traditional electricity grids are radial and unidirectional structures built to bring electricity from centralized power plants to end-users (consumers). They were originally designed for regional self-sufficiency whereas interconnections were developed for mutual support between regions [4] [5] . Because traditional electricity grids are not equipped with storage facilities, production and demand by end-users must be balanced. The flow of electricity is not monitored in real-time and electrical usage is usually unknown. In addition, power breakdowns, due in particular to overload or unstable power supply, are important issues impacting electricity grids. After all, spikes in energy demand are forcing power companies to invest a lot of money in "peaking facilities" which are rarely used [6] .
Because of an increasing penetration of sources of renewable energy, distribution networks are no more passive but active structures. In particular, this penetration impacts on transient and voltage stability, electromagnetic transients, power levelling, energy balancing, and power quality [7] [8] . So, decentralized power generation requires dramatic changes in planning practices, and an increased flexibility, because it affects the physical operation of the grids [9] . In Ref. [10] , Hammons examined possible solutions to the integration of these new sources of energy into various European distribution networks. He evaluated the "Technology Platform for the Electricity Networks of the Future" proposed in 2005 by the European Commission and highlighted key challenges as well as possible architectures for the grids [11] . The main goal of such a platform is to increase the efficiency, safety and reliability of the European electricity transmission and distribution systems by transforming the traditional grids into an interactive service network. This platform is also about removing obstacles to the large-scale deployment and effective integration of distributed sources of renewable energy. In 2007, Coll-Mayor et al. [12] provided a complete outlook on intelligent power grids, also known as "smart" grids in Europe. The authors highlighted the need for new concepts and architectures, based on distributed intelligence, plug and play, e-trading or power-line communication, and for a regulatory framework dedicated to the control, supervision, and operation of electricity grids [13] . In 2009, Chicco and Mancarella [14] outlined the main possible structures, characteristics, components, energy flows, and interactions for distributed multi-generation systems. As an interesting result, they pointed out that sustainability 
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Overall impact (-) δ Difference between the amount of renewable energy produced and instantaneous energy consumption (kW h) Ppv PV panels peak power (kWp) Pwt Wind turbine peak power (kWp) of the distributed multi-generation solutions is guaranteed by a wide range of technical and economic benefits. The same year (2009), Battaglini et al. [15] proposed the concept of "supersmart" grids for a more efficient use of electricity produced from renewables. This concept combines wide area power generation with decentralized power generation. As another interesting work, Nair and Zhang [16] detailed the composition of the power generation system of New Zealand and suggested to follow Europe's platform for its smart grid development. At least, Hledik [17] car-ried out a simulation of the U.S. power system, which is mainly based on thermal power, and suggested that both conservative and more technologically aggressive possible implementations of a smart grid would produce a significant reduction in CO 2 emissions at the national level. New concepts and architectures go along with "intelligent" tools and strategies allowing the decentralized power generation to be managed and its impact on the electricity grid operation to be evaluated. In this sense, Fardanesh and Richards highlighted in 1984 that additional coordination and protection considerations are required when sizable cogeneration sources are introduced to the electricity grid in order to maintain a high degree of reliability and service continuity [18] . The same year (1984), Dugan and Rizy considered three potential protection problems associated with the interconnection to the distribution grid of rotating-type, small dispersed storage and energy production systems [19] . In 2006, Pham proposed a new approach based on intentional islanding of power systems in case of a critical situation caused by a massive penetration of renewable energy sources [20] . In 2008, Fontela-Garcia analyzed the robustness of the grid and proposed fault detection algorithms and intentional islanding to limit the impact of electrical failures [21] . In Ref. [22] , Courtecuisse addressed both the supervision of multisource power plants equipped with storage systems and the impact of renewable generation on grid stability. He proposed and evaluated several control strategies based in particular on fuzzy logic. In Ref. [23] , Alvarez-Hérault proposed a new architecture and a partially-meshed operation for distribution networks. As a result, reliability is preserved, even if the penetration of renewabale energy sources is large. In Ref. [24] , Lund and Münster analyzed various energy strategies for Denmark, based on decentralized power generation. In particular, the authors highlighted that the costs of avoiding critical surplus production is much lower than investing in highvoltage transmission lines. Moreover, they concluded that flexibility is of paramount interest in the management of decentralized power generation.
Another key point in energy efficiency and sustainability is the building sector [25] . In 2010, the final residential energy consumption accounted for 26% of the total energy consumption in the European Union of 27 member states [26] . So, automation approaches for smart buildings capable of trimming demand for electricity in response to real-time variations in prices could shave many peaks. They could also help generation and distribution networks reliability to be improved, in particular if penetration of intermittent sources of renewable energy in the power system is high, as well as cost effectiveness. As an interesting concept, a building (or a group of buildings) equipped with (shared) energy production and storage systems can be seen as a "microgrid". So, a (smart) microgrid is a small-scale energy grid that can provide adequate energy supply to cover local demand by integrating decentralized power generation and storage facilities. In such a context, Demand Response (DR) and Demand Side Management (DSM) aim at optimizing the electricity delivery process by taking advantage of consumers' flexibility. According to the Federal Energy Regulatory Commission [27] , DR is about "changes in electric usage by end-use customers from their normal consumption patterns in response to changes in the price of electricity over time, or to incentive payments designed to induce lower electricity use at times of high wholesale market prices or when system reliability is jeopardized". In case of strained electricity supply and demand conditions, DR can reduce peak prices and overall price volatility [28] [29] . Moreover, DSM programs encourage end-users to be more energy efficient [30] . Lighting retrofits, building automation upgrades as well as HVAC (Heating, Ventilation and Air-Conditioning) improvements [31] [32] can be included in these programs. To summarize, there are three main possible ways in which end-users can improve energy efficiency: shifting electricity use (household appliances) from on-peak to part-peak or off-peak periods, reducing energy consumption, and consuming locally-produced energy. In 2012, Gelazanskas and Gamage made a review of the demand side management techniques one can find in the literature. In addition, the authors proposed a modern system identification and side load control method based on artificial neural networks [33] . The same year (2012), Kriett and Salani developed a Model Predictive Control (MPC) scheme in order to minimize the operating cost of a residential microgrid which was operated in grid-connected mode [34] . More recently (2013), Kremers et al. proposed an agent-based approach for modelling a smart microgrid [35] . A simple case study allowed the possibilities offered by such an approach to be evaluated. In 2014, Honarmand et al. developed a management approach to power generation and electric vehicles in a microgrid [36] . The authors focused on optimizing the charging and discharging cycles of the batteries.
In the present paper, a new approach to energy resources management in a residential microgrid is proposed and evaluated in simulation, taking the electricity grid status into consideration. So, we used the TRNSYS (Transient System Simulation Tool) software to model a gridconnected building located in Perpignan (south of France) and equipped with energy production and storage systems. Designing and managing these systems optimally was the main goal of the study. Besides, we considered 1980's and RT2005 insulation standards [37] and proposed realistic occupancy (OS 1 and OS 2 ) and behaviour (BS 1 and BS 2 ) scenarios. We defined BS 2 by shifting some domestic loads from on-peak to off-peak periods (DR mechanisms). Data collected in the real house allowed the model to be successfully validated (Section 2). Section 3 is about the two strategies one can apply to the residential building. Energy and economic criteria have been defined to evaluate these strategies. In Section 4, configurations that promote self-consumption of energy and allow the negative impact local power generation can have on the grid to be minimized are highlighted. We also appraised the impact of electricity storage (using batteries) on the way the buiding and the electricity grid interact. The paper ends with a conclusion and an outlook to future work (Section 5).
Modelling of the residential microgrid
This section of the paper is about the modelling of the considered residential microgrid. So, we modelled the thermal behaviour of a building equipped with energy production and storage systems using the TRNSYS software [38] . The building operates in grid-connected mode. TRNSYS (Transient System Simulation Tool) is a graphically-based software environment used to simulate the behaviour of transient systems.
Single-storey house
The building we modelled is a 190 m 2 single-storey house located in Perpignan (Perpignan-Méditerranée agglomer- ation community, Languedoc-Roussillon, France), facing south and inhabited by four persons (two adults and two children) (Figure 1 ). The city of Perpignan experiences a warm and windy Meditteranean climate, similar to much of southern France. Summers are dry and hot whereas winters are mild ( Figures 2, 3 and 4) . Rainfall is at its lowest in the summer months and begins to pick up in October.
The house is equipped with a zoned HVAC (Heating, Ventilation and Air-Conditioning) system whose maximum power is 1 kW ( Figure 5 ) as well as electrical/electronic appliances, managed using local regulators (TRNSYS model type 56). It is also equipped with a storage tank for Domestic Hot Water (DHW) supply. Each room in the house has a homogenous temperature and radiation heat transfer between the rooms is based on the room area. Heat addition from solar direct and diffuse radiation is calculated for each room, depending on window and heat transfer properties. That house can be equipped with photovoltaic solar panels, a vertical-axis wind turbine, and batteries for electricity storage. Table 1 gives the area of each room in the house as well as the number of windows: Tables 2 and 3 list all the materials used in that house as well as their main characteristics. Common materials have been considered and the overall thermal insulation of the structure agrees with relatively new French standards for buildings (RT2005) ( Table 2) or with 1980's standards (Table 3) . U is the heat transfer coefficient of a material used and U RT 2005 is the coefficient the French thermal regulation of year 2005 decrees [37] . RT2005 standards apply to new buildings whose planning applications were submitted after September 1st, 2006. However, they do not apply to buildings with a temperature of use which is lower than 12 ○ C, swimming pools, ice rinks, breeding farms, and to buildings having to guarantee specific temperature, hygrometry and air quality conditions. Regulation is based on primary energy consumption and indoor comfort. Both have to be lower than reference values. Because of the climatic disparity of France, RT2005 standards define eight climate zones. Solar protection is indirectly taken into account. These standards also apply if equipment is added or replaced in existing buildings, with the exception of temporary or low-energy consuming buildings. We successfully validated the proposed model using data about energy consumption (for each room and all the identified consuming items) we collected in the real residential building. This house has been equipped with a collecting system and we obtained about one year of data [39] . We also collected detailed information about the inhabitants' way of life so as to propose realistic occupancy (Section 2.2) and behaviour (Section 2.3) scenarios. As a result, the developed model can be regarded as fully representative of the residential building thermal behaviour.
Occupancy scenarios and temperature regulation
Because of their impact on energy consumption, inhabitants' lifestyle and habits have been first taken into account through occupancy scenarios and indoor temperature setpoints. The first scenario (OS 1 ) is a conventional RT2005 scenario defined as follows: during working days (i.e. from Monday to Friday), the considered house is occupied from 6 p.m. to 10 a.m. During weekends (i.e. Saturday and Sunday), it is occupied 24 hours a day. The main drawback of the scenario is that all the rooms in the house have the same occupancy. So, the indoor temperature setpoint is defined in the following way (whatever the room and for both HVAC (Heating, Ventilation and AirConditioning) operation modes, i.e. heating and cooling):
-HVAC heating mode: T sp = 19 ○ C during occupancy times and T sp = 16 ○ C when the single-storey house is not occupied.
-HVAC cooling mode: T sp = 28 ○ C during occupancy times and T sp = 30 ○ C when the single-storey house is not occupied.
Due to the limitations of the conventional RT2005 scenario (OS 1 ), a new scenario has been proposed (OS 2 ). It allows occupancy to be defined for each of the main rooms in the house (bedrooms 1, 2 and 3, corridor, kitchen, and living room). Let us note that occupancy is unchanged for both the bathroom and garage. Moreover, the temperature setpoint (T sp ) remains the same, whatever the HVAC operation mode (i.e. heating or cooling): 
Demand Response (DR) mechanisms
As stated above in the paper (Section 1) and according to the Federal Energy Regulatory Commission, DR is about "changes in electric usage by end-use customers from their normal consumption patterns in response to changes in the price of electricity over time, or to incentive payments designed to induce lower electricity use at times of high wholesale market prices or when system reli-ability is jeopardized" [27] . So, we defined two behaviour scenarios (BS 1 and BS 2 ) so as to evaluate the impact of load shifting on energy efficiency as well as the economic savings one can achieve using this technique. Both scenarios allow the operation of all the home appliances (i.e. cooking, cleaning, and entertainment appliances) to be scheduled [39] . The first scenario (BS 1 ) describes a regular (standard) use of these appliances, in accordance with established practice in southern France. It is fully representative of the (real building) inhabitants' behaviour. The second scenario (BS 2 ) deals with an energy-efficient (economical) use by shifting some of the home appliances from on-peak to off-peak periods, whatever the period of the year. We focused on the washing machine, clothes dryer and dishwasher use (Tables 4 and 5 ). Taking a look at Table 4 (which is about scenario BS 1 ), one can clearly observe that the appliances operation is impacted by the period of the year. Indeed, during the "winter/spring" season, the washing machine, clothes dryer and dishwasher are used when the occupants get back home after work or school. However, during the "summer/autumn" season, these appliances are used early in the afternoon, as a result of changes in the building occupancy (due, in particular, to holiday periods). Other home appliances such as HVAC sub-systems, cooking appliances or some consumer electronics cannot be shifted easily, because of thermal comfort and lifestyle constraints.
Building's energy production systems
Local production of renewable energy has also been modelled. First, we described the photovoltaic solar panels operation using the TRNSYS model type 194. This model is based on both the calculation method presented by DeSoto [40] and the five-parameter (I L , I 0 , R s , R sh , and a) equivalent circuit proposed by Duffie and Beckman [41] . The main purpose of such a model is to extrapolate performance information provided by the manufacturer at standard rating conditions (1000 W m −2 , 25 ○ C, air mass 1.5) to other operating conditions. The current-voltage (I − V ) relationship is determined, from the above-mentioned parameters, as a function of solar radiation and PV array temperature (1 and 2):
with I L the light current, I 0 the diode reverse saturation current, R s the series resistance, R sh the shunt resistance, and a the modified ideality factor. This last parameter is expressed from the number of modules in series in array (N s ), the ideality factor (η I ), the Boltzmann constant (k B ), the PV array temperature (T c ), and the electron charge constant (q). Regarding the vertical-axis wind turbine, it is described using the TRNSYS model type 90.
This model comes from the work of Quinlan [42] and allows the power output of a wind energy conversion system based on a power vs. wind speed characteristic to be calculated. The power output of the wind turbine (P ) is then evaluated from the power coefficient for a wind turbine (C p ), the rotor area (A R ), air density (ρ), and wind speed (U 0 ) (3):
Batteries for electricity storage
We used the model developed by Bogdan and Salameh [43] to describe the batteries functioning, i.e. the charging (4) and discharging (5) processes [44] . At time t, indexed by k, such as t = k ⋅ T s with T s the simulation sampling time (T s = 1 min), the status of the batteries equipping the building is related to both the status at previous time index k − 1 and the production/consumption of energy at time index k:
with η inv the inverter performance, η bat the charge performance, E sto the amount of energy available to be stored in the batteries, E bat the amount of energy stored in the batteries, E p ren the amount of renewable energy produced by the local systems which equip the considered building, after taking the energy losses due to the controller into account, and τ the hourly self-discharge rate (equal to 10 −4 ). Performance is supposed to be constant and equal to 85% in charging mode whereas it is equal to 1 in discharging (release) mode. The amount of energy stored in the batteries is used when the local production is not sufficient to meet the demand in energy. In opposition, energy is stored when the power supplied by the renewable energy systems exceed the house requirements. However, it should be noticed that the amount of energy which can be stored in the batteries equipping the building is related to E min bat and E max bat , as depicted by (6):
The maximum capacity of the batteries (E max bat ) is equal to the rated capacity. On his part, the minimum capacity (E min bat ) is evaluated from the Depth of Discharge (DoD), as shown in (7) . DoD is used to describe how deeply the batteries are discharged:
According to the various specifications given by the manufacturer, the life of the batteries can be extended if the DoD is between 30% and 50% [41] . So, we considered a depth of discharge of 30%. n/a n/a n/a j = 4 2.69 × 10
n/a n/a n/a n/a j = 5 −1.94 × 10
n/a n/a n/a n/a n/a Table 7 : Off-peak, part-peak, and on-peak periods.
Period November 1 to April 30 ("winter/spring" season) May 1 to October 31 ("summer/autumn" season)
On-peak 10:00 a.m. to 5:00 p.m. 
Energy management strategies
This section of the paper is about the two strategies we developed and tested in simulation so as to manage the microgrid energy resources efficiently. The first strategy (titled "reference" strategy) deals with managing energy production systems only (photovoltaic solar panels or a combination of photovoltaic solar panels and a verticalaxis wind turbine). With the second strategy (titled "advanced" strategy), one can manage local power generation as well as electricity storage. Demand Response (DR) mechanisms are considered through different behaviour scenarios (Section 2.3), in response to supply conditions. Remember that the first scenario (BS 1 ) is fully representative of the (real building) inhabitants' behaviour. The second one (BS 2 ) deals with an energy-efficient use of the home appliances. Various energy and economic criteria are proposed as performance indicators.
Performance indicators 3.1.1. Renewable energy coverage rate
The first criterion (% ren ) is defined as the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed. The total energy consumed is the sum of the amount of energy produced and consumed in situ (E c ren ) and the amount of energy extracted from the electricity grid (E ext ). % ren has to be maximized in order to decrease the dependency on the grid of a building (8):
Self-consumption of energy
% sc is the percentage ratio of the renewable energy consumed (E c ren ) to the renewable energy produced in situ (E p ren ). Maximizing this criterion allows self-consumption of energy to be promoted (9):
Renewable energy use
In order to find a reasonable compromise between the renewable energy coverage rate (% ren ) and self-consumption of energy (% sc ) and, as a result, to avoid the optimization process to lead to non-realistic configurations (i.e. highly undersized or oversized energy production and storage systems), both criteria are combined in a single criterion (J ren ) defined as follows (10):
Dynamic pricing and economic cost
An economic cost criterion (J cost ) has also been defined, not according to the purchase and sale prices currently charged by EDF (Electricité de France), the main French electricity supplier, but based on a future application of dynamic pricing in the coming years. Dynamic pricing is already in use in the energy market and consists in adjusting energy prices dynamically, with a short time step. Dynamic pricing reflects variations in electricity production costs as well as daily and seasonally variations in the grid load. So, a polynomial electricity price model (P en ) has been identified from both the grid load (L grid ) and outdoor temperature (T out ) (we used historical data about T out provided by Meteonorm [45] ) (11) . Meteonorm offers meteorological data (over 30 parameters available) for every place on Earth. Table 6 groups together the coefficiens we identified. Considering data from the European Power Exchange (EPEX SPOT SE) [46] , the Mean Square Error (MSE) observed is about 10%. EPEX SPOT SE operates the power spot markets for short-term (i.e. day-ahead and intraday) trading in power in Germany, France, Austria and Switzerland, with Germany and Austria forming one price zone. These five countries account together for about one third of the European power consumption:
Economic cost criterion J cost is then calculated as the difference between the cost related to the purchase of energy and the economic gain resulting from the sale of energy. E ext is the amount of energy extracted from the electricity grid, E inj is the amount of energy injected to the grid and P en is the dynamic electricity price. J cost is negative when the amount of energy bought to the grid is more important than the amount of renewable energy produced and sold. It becomes positive when the amount of renewable energy sold to the electricity grid becomes higher than the amount of energy bought to the grid (12):
Electricity grid status
The grid load (L grid ) varies in daily (several peaks of electricity consumption) and seasonal (demand in energy is higher in winter than it is in summer) cycles. Taking a look at Figures 3 (May 1 to October 31) and 4 (November 1 to April 30), one can note that electricity consumption is clearly impacted by lifestyle and habits (data are from the electricity grid of the Perpignan-Méditerranée agglomeration community, which is about 280 000 persons and 655 km 2 ). In addition, daily profiles look similar throughout the year with off-peak periods (i.e. low-demand periods) at about 4 a.m. and on-peak periods at about 7 p.m. during the "winter/spring" season (November 1 to April 30) and 3 p.m. during the "summer/autumn" season (May 1 to October 31). So, an analysis allowed us to define on-peak, part-peak and off-peak periods, whatever the season of the year (Table 7) . First, so as to characterize the electricity grid status, taking the daily and seasonal variations one can observe in its load into account, a daily normalization (L grid ) has been made. d is for a given day of the year (13, 14, and 15):
Then, through the intermediary of a threshold (T grid ), we highlighted a limit beyond which injecting to the grid a local production of electricity is not appropriate. From the daily normalized grid load (L grid ) and taking the different consumption periods we highlighted in Table 7 into consideration (i.e. off-peak, part-peak, and on-peak periods), one can associate peaks in energy consumption to a value ofL grid higher than 0.7 and troughs to a value ofL grid lower than 0.3. So, we proposed two thresholds of 30% and 70% (Figures 6 and 7) , respectively, as well as a criterion dealing with the electricity grid status (J grid ). This criterion is defined considering part-peak periods either as off-peak or on-peak periods. So, if part-peak periods are considered as off-peak periods, J grid is set as follows, for T grid = 70% (in that case, the electricity grid is in need of energy during peaks of demand only) and d a given day, with h = 1, ..., 24 (16):
However, if part-peak periods are considered as on-peak periods, J grid is set as follows, for T grid = 30% (in that case, energy can be appropriately injected to the grid most of the time) and d a given day, with h = 1, ..., 24 (17):
Impact on the electricity grid
In order for the impact of the house equipped with energy production and storage systems on the PerpignanMéditerranée electricity grid to be estimated, we defined two criteria dealing with local production of renewable energy (I inj ) and energy extraction (I ext ), respectively. Both criteria (22 and 23) are expressed from ∆T grid (i.e. the deviation between the threshold and the grid load). Finally, the overall impact on the grid (I grid ) (24) is defined as a combination of I inj and I ext .
Calculation of ∆T grid . The deviation between the threshold and the grid load allows ascertaining if injecting energy to the grid is more or less favourable at time index k. In that case, ∆T grid is normalized between 0 and 1 ifL grid (k) is higher than T grid (18) and between −1 and 0 ifL grid (k) is lower than T grid (19) :
As stated above in the paper (Section 3.1.5), a high threshold (a threshold, for example, equal to 70%) is for an electricity grid which is in need of energy during peaks of demand only. In opposition, with a low threshold (a threshold, for example, equal to 30%), energy can be appropriately injected to the grid most of the time. Figure 7: Normalized daily load of the "Perpignan-Méditerranée" agglomeration community (L grid ) during the "summer/autumn" season (i.e. May 1 to October 31). Red, yellow and green colors are for on-peak, part-peak and off-peak periods, respectively. Dashed lines are for the grid thresholds (T grid = 30% and T grid = 70%).
As for energy injection (18 and 19) , the deviation between the threshold and the grid load allows ascertaining if extracting energy from the grid is more or less favourable at time index k. In that case, ∆T grid is normalized between 0 and 1 ifL grid (k) is lower than T grid (20) and between −1 and 0 ifL grid (k) is higher than T grid (21) :
Local production of renewable energy. The impact on the grid of the local production of renewable energy (as stated above, the considered house can be equipped with photovoltaic solar panels or with a combination of photovoltaic solar panels and a vertical-axis wind turbine) (I inj ) is defined from both the amount of energy injected to the grid (E inj ) and ∆T grid (22) . k is the time index:
Energy extraction. The impact on the electricity grid of energy extraction (I ext ) is defined from both the amount of energy extracted from the grid (E ext ) and ∆T grid (23) . k remains the time index:
Overall impact. The overall impact criterion (I grid ) is defined as the sum of I inj (22) and I ext (23) . If it is positive, locally-produced electricity is injected to the grid when demand is high whereas electricity is extracted from the grid when demand is low (24):
Management strategy without electricity storage
The first strategy is proposed so as to manage the energy resources of the residential building when it is equipped with production systems only (photovoltaic solar panels or a combination of photovoltaic solar panels and a verticalaxis wind turbine). This strategy is based on three different cases and considered as the "reference" strategy. Performance is of course impacted by the production systems design (sizing) (Figure 8 ):
The amount of renewable energy produced at time index k (E p ren (k)) is higher than instantaneous energy consumption. As a result, local production covers all the energy needs of the residential building (E hou (k)) and no energy is extracted from the grid (E c ren (k) = E hou (k)/η inv , with η inv the inverter performance, and E ext (k) = 0). The surplus of energy produced in situ is injected to the grid (E inj (k) = δ(k)) (case 1).
-Production and consumption are balanced (δ(k) = 0):
The amount of renewable energy produced at time index k (E p ren (k)) and instantaneous energy consumption are balanced. Therefore, all the energy produced is consumed in situ (E c ren (k) = E p ren (k)) and there is no interaction between the residential building and the electricity grid (E inj (k) = E ext (k) = 0) (case 2).
-Underproduction (δ(k) < 0): The amount of renewable energy produced at time index k (E p ren (k)) is lower than instantaneous energy consumption. So, all the energy produced is consumed in situ (E c ren (k) = E p ren (k)). In addition, there is no injection of energy to the grid (E inj (k) = 0). The missing amount of energy related to the needs of the residential building is extracted from the grid (E ext (k) = −δ(k)) (case 3).
Management strategy with electricity storage
The second strategy (titled "advanced" strategy) allows the energy resources of the residential building (the singlestorey house), when it is equipped with production (photovoltaic solar panels or a a combination of photovoltaic solar panels and a vertical-axis wind turbine) and storage (batteries) systems, to be managed efficiently. This strategy is based on three different cases. Again, performance is clearly impacted by the production and storage systems design (Figures 9, 10 and 11):
-Overproduction (δ(k) > 0): the amount of renewable energy produced at time index k (E p ren (k)) is higher than instantaneous energy consumption. As a consequence, local production covers all the energy needs of the considered building (E hou (k)) and no energy is extracted from the grid (E c ren (k) = E hou (k)/η inv and E ext (k) = 0). The surplus of energy produced in situ is managed taking the electricity grid status (J grid (k)) into consideration. If the demand in energy is high (J grid (k) = 1), the surplus of energy produced is injected to the grid (E inj (k) = δ(k)) and used to maintain the batteries at minimum capacity (E bat (k) = E min bat ). As stated previously, E min bat is determined from the Depth of Discharge (DoD) (Section 2.5). DoD describes how deeply the batteries are discharged. If the demand in energy is low (J grid (k) = 0) and the batteries are not already fully charged, the surplus of energy produced in situ is stored in whole (Figure 9 ) (case 1).
-Production and consumption are balanced (δ(k) = 0): the amount of renewable energy produced at time index k (E p ren (k)) and instantaneous energy consumption are balanced. As a result, all the energy produced is consumed in situ (E c ren (k) = E p ren (k)) and there is usually no interaction between the building, the electricity grid and the batteries (E inj (k) = E ext (k) = E sto (k) = 0). If necessary, energy is extracted from the electricity grid, in that case E ext (k) = E sto (k), so as to maintain the batteries at minimum capacity (E bat (k) = E min bat ) (Figure 10 ) (case 2).
-Underproduction (δ(k) < 0): the amount of renewable energy produced at time index k (E p ren (k)) is lower than instantaneous energy consumption. As a result, all the energy produced is consumed in situ (E c ren (k) = E p ren (k)) and energy is released from the batteries (E rel (k) = E bat (k − 1) − E bat (k)), if they are charged. Otherwise, the missing amount of energy necessary to cover all the needs of the building is extracted from the electricity grid (E ext (k) = −δ(k)−E rel (k)). In addition, energy coming from the grid allows the batteries to be maintained at minimum capacity (E bat (k) = E min bat ). There is no injection of energy to the grid (E inj (k) = 0) ( Figure 11 ) (case 3).
Optimization problem
The optimization problem is formulated as find P pv , P wt and E max bat so that J ren is maximized (25) . Let us remember that J ren is defined as a combination of the renewable energy coverage rate (% ren ) and the percentage ratio of the renewable energy consumed to the renewable energy produced in situ (% sc ) (10) . P pv is the PV panels peak power (kWp), P wt is the wind turbine peak power (kWp) and E max bat is the rated capacity of the batteries (kW h). We defined the optimization constraints in the following way 
yes no (26): first, P pv is constrained by the available roof surface area (i.e. 80 m 2 ). So, given that 1 m 2 of photovoltaic solar panels stands for a peak power of 100 Wp [47] , the maximum possible value of P pv is 8 kWp. Regarding P wt , its maximum possible value is 20 kWp, according to the vertical-axis wind turbines one can find in the market and install on a residential building roof [47] . Finally, E max bat is constrained by the size of the batteries, and 2 m 3 (what leads to a rated capacity of about 185 kW h) seems to be the maximum volume one can dedicate to electricity storage. So, we decided for 0 ≤ E max bat ≤ 200 kW h:
with
In the next section of the paper, noteworthy configurations are highlighted and discussed, for both the "reference" and "advanced" management strategies.
Systems design and strategies evaluation
This section of the paper is about designing the energy (photovoltaic solar panels and a vertical-axis wind turbine) and storage (batteries) systems with whom the residential building can be equipped as well as evaluating in simulation the proposed management strategies (Sections 3.2 and 3.3). The section ends with a discussion about the results we obtained and possible improvements. The way both the local production of renewable energy and electricity storage impact on the electricity grid is also studied. Simulation period is one year (meteorological data offered by Meteonorm [45] are used to carry out the process).
Residential building equipped with energy production systems only (reference strategy)
In this section, we highlight and discuss noteworthy configurations, without electricity storage facilities (i.e. batteries) equipping the considered residential building. So, the single-storey house is equipped with photovoltaic solar panels (P pv ) only or with photovoltaic solar panels and a vertical-axis wind turbine (P wt ). The reference strategy is used to manage these systems (Section 3.2). Tables 8 to 11 point out the most insteresting configurations we obtained. For each of the eight combinations of characteristics we considered in the present study (1980's or RT2005 insulation standards, occupancy scenario 1 or 2, behaviour scenario 1 or 2), three configurations are highlighted (see Sections 2.1, 2.2 and 2.3 for details about insulation levels and proposed scenarios). The first configuration is defined on the basis of photovoltaic solar panels of 3 kWp, which is a standard design for such facilities. We obtained the second (in that case, the building is equipped with photovoltaic solar panels only) and third (in that case, the building is equipped with photovoltaic solar panels and a Table 9 : Noteworthy configurations, with no batteries for electricity storage. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, %sc is the percentage ratio of the renewable energy consumed to the renewable energy produced in situ, %ren is the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed, Jren is about the renewable energy use and Jcost is the (annual) economic cost. Table 11 : Noteworthy configurations, without batteries for electricity storage. Ppv is the PV panels peak power, Pwt is the vertical-axis wind turbine peak power, I inj is about the impact on the grid of local production of renewable energy, Iext deals with the impact on the grid of energy extraction and I grid is the overall impact. T grid = 30%. 16 vertical-axis wind turbine) configurations by maximizing J ren (Section 3.4). Table 8 is about the amount of energy produced and consumed in situ (E c ren ), the amount of energy injected to the grid (E inj ) and the amount of energy extracted from the grid (E ext ). Table 9 deals with the percentage ratio of the renewable energy consumed to the renewable energy produced in situ (% sc ), the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed (% ren ), the renewable energy use (J ren ) and the economic cost (J cost ). Tables 10  and 11 specify the impact on the electricity grid of both the local production of renewable energy (I inj ) and energy extraction (I ext ) as well as the overall impact (I grid ), for T grid = 70% (the electricity grid is in need of energy during peaks of demand only) and T grid = 30% (energy can be appropriately injected to the grid most of the time), respectively.
Building characteristics
As a first key point, one can note taking a look at Tables  8 and 9 that Demand Response (DR) (i.e. the behaviour scenario, Section 2.3) do not impact theenergy production systems design. Indeed, for identical insulation standards and occupancy scenarios, the optimization process produces the same result, whatever the behaviour scenario (BS 1 or BS 2 ). For example, when considering a house built using materials which agree with 1980's insulation standards and occupancy scenario OS 2 , we obtain photovoltaic solar panels of 6.6 kWp and a vertical-axis wind turbine of 17 kWp (configurations 3.3 and 4.3). One can also note that improving the building insulation level (from 1980's to RT2005 standards) leads to photovoltaic solar panels and a vertical-axis wind turbine of lower power capacities. In addition, the panels power capacity is increased, whereas the wind turbine power capacity is slightly decreased, when considering occupancy scenario OS 1 . As an example, P pv = 8 kWp for 1980's insulation standards (configuration 1.2) and P pv = 6.5 kWp for RT2005 standards (configuration 5.2) (with behaviour scenario BS 1 ). Finally, with the same behaviour scenario and considering a residential building built according to 1980's insulation standards, P pv is increased from 6.1 to 6.6 kWp whereas P wt is decreased from 19 to 17 kWp when switching from OS 1 (configuration 1.3) to OS 2 (configuration 3.3).
From an overall point of view, configurations 2 (the building is equipped with photovoltaic solar panels only) and 3 (the building is equipped with photovoltaic solar panels and a vertical-axis wind turbine) allow a strong increase in the renewable energy coverage rate (% ren ) combined with a decrease in the percentage ratio of the renewable energy consumed to the renewable energy produced in situ (% sc ), whatever the insulation level and the scenarios (the management strategy used is the reference one, Section 3.2). As one can note taking a look at Tables 8 and  9 , adding a vertical-axis wind turbine to the building produces a greater flexibility in energy resources management. In particular, the wind turbine allows an increase in the amount of energy produced and consumed in situ (E c ren ), even during nighttime, and a decrease in the amount of energy extracted from the grid (E ext ). Of course, optimizing the energy production systems design changes the way the considered building and the electricity grid interact. For instance (residential building built on the basis of RT2005 insulation standards; occupancy and behaviour scenarios OS 1 and BS 1 ), % ren is increased from 11.2 to 17.3 % (+6.1 pts) whereas % sc is decreased from 73.9 to 53 % (−20.9 pts) when switching from configuration 5.1 (P pv = 3 kWp) to configuration 5.2 (P pv = 6.5 kWp). Moreover, % ren is increased from 11.2 to 38.2 % (+27 pts) whereas % sc is decreased from 73.9 to 52.7 % (−21.2 pts) when switching from configuration 5.1 (P pv = 3 kWp) to configuration 5.3 (P pv = 3.7 kWp and P wt = 12 kWp). With configurations 2 (the building is equipped with photovoltaic solar panels only) and 3 (the building is equipped with photovoltaic solar panels and a vertical-axis wind turbine), the amount of energy produced and consumed in situ (E c ren ) increases significantly, what allows the amount of energy extracted from the electricity grid to be reduced (E ext ), whatever the building insulation level and the scenarios. In addition, the amount of energy injected to the grid (E inj ) is increased, due to a higher total power capacity installed (the management strategy used is the reference one, Section 3.2). As an example (1980's insulation standards, occupancy and behaviour scenarios OS 1 and BS 1 ), E c ren and E inj are increased from 3520 to 6803 kW h (+3283 kW h) and 917 to 5029 kW h (+4412 kW h), respectively, whereas E ext is decreased from 42 241 to 38 958 kW h (−3283 kW h) when switching from configuration 1.1 (P pv = 3 kWp) to configuration 1.2 (P pv = 8 kWp). Moreover, E c ren and E inj are increased from 3520 to 17 786 kW h (+14 266 kW h) and 917 to 16 278 kW h (+15 361 kW h), respectively, whereas E ext is decreased from 42 241 to 27 975 kW h (−14 266 kW h) when switching from configuration 1.1 (P pv = 3 kWp) to configuration 1.3 (P pv = 6.1 kWp and P wt = 19 kWp).
As previously mentioned, Tables 10 (T grid = 70%, what means that the electricity grid is in need of energy during peaks of demand only) and 11 (T grid = 30%, what means that energy can be appropriately injected to the grid most of the time) deal with the impact on the electricity grid of both the local production of renewable energy (I inj ) and energy extraction (I ext ). The overall impact (I grid ) is also evaluated. One can note that optimizing the energy production systems design allows I inj , I ext and I grid to be improved, with the exception of photovoltaic solar panels combined with a vertical-axis wind turbine and T grid = 70%. In that particular case, adding a wind turbine to the building deteriorates I inj , which becomes negative. The overall impact (I grid ) is also deteriorated but remains positive, because of I inj being compensated by I ext ). As an example (for T grid = 30%), I inj , I ext and I grid are increased from 563 to 2977 (+2414), −6231 to −4727 (+1504) and −5669 to −1751 (+3918), respectively, when switching from configuration 1.1 (P pv = 3 kWp) to configuration 1.2 (P pv = 8 kWp). When switching from configuration 1.1 (P pv = 3 kWp) to configuration 1.3 (P pv = 6.1 kWp and P wt = 19 kWp), I inj , I ext and I grid are increased from 563 to 5628 (+5065), −6231 to −3805 (+2426) and −5669 to 1823 (+7492), respectively. In that case, I inj compensates I ext , what leads to a positive overall impact. As stated above, for T grid = 70%, I grid is deteriorated in case of a building equipped with photovoltaic solar panels and a vertical-axis wind turbine. Indeed, looking at Table 10 , one can note that I grid is decreased from 9366 to 5313 (−4053) when switching from configuration 4.1 (P pv = 3 kWp) to configuration 4.3 (P pv = 6.6 kWp and P wt = 17 kWp) and from 5894 to 3096 (−2798) when switching from configuration 8.1 (P pv = 3 kWp) to configuration 8.3 (P pv = 3.9 kWp and P wt = 11 kWp). In both cases, the overall impact of the building on the electricity grid (I grid ) remains positive. Finally, by optimizing the production systems design, the (annual) economic cost (J cost ) is reduced from 300 to 400 e with no wind turbine equipping the house and from 400 to 1500 e if this residential building is equipped with photovoltaic solar panels and a vertical-axis wind turbine. Reference is the building equipped with panels of 3 kWp.
Residential building equipped with energy production
and storage systems (advanced strategy) In this section, we highlight and discuss noteworthy configurations, with electricity storage facilities (i.e. batteries) equipping the considered building. The single-storey house is so equipped with photovoltaic solar panels (P pv ) and batteries (E max bat ) or with photovoltaic solar panels, a vertical-axis wind turbine (P wt ) and batteries. Tables 12  to 17 point out the most interesting configurations. For each of the eight combinations of characteristics we considered in the present study (1980's or RT2005 insulation standards, occupancy scenario 1 or 2, behaviour scenario 1 or 2), three configurations are highlighted (see Sections 2.1, 2.2 and 2.3 for details about insulation levels and proposed scenarios). The first one is defined on the basis of photovoltaic solar panels of 8 kWp, which is the peak power for such panels managed by using the "reference" strategy (Section 4.1), and batteries. The third configuration (in that case, the building is equipped with photovoltaic solar panels, a vertical-axis wind turbine and batteries) is given by maximizing J ren (Section 3.4). The second configuration is obtained by removing the batteries from configuration 3 so as to evaluate the impact of electricity storage on performance. Tables 12 and 15 are about the amount of energy produced and consumed in situ (E c ren ), the amount of energy injected to the grid (E inj ), the amount of energy extracted from the grid (E ext ) and the amount of energy stored in the batteries (E sto ), for T grid = 70% and T grid = 30%, respectively. Tables 13 and 16 deal with the percentage ratio of the renewable energy consumed to the renewable energy produced in situ (% sc ), the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed (% ren ), the renewable energy use (J ren ) and the economic cost (J cost ), for T grid = 70% and T grid = 30%, respectively. Tables 14 and  17 specify the impact on the electricity grid of both the local production of energy (I inj ) and energy extraction (I ext ) as well as the overall impact (I grid ), for T grid = 70% and T grid = 30%, respectively.
Overall analysis
First, one can observe when taking a look at Tables 12 to 17 that the batteries design is most of the time constrained by E max bat ≤ 200 kW h, with the exception of a residential building equipped with photovoltaic solar panels only and a grid threshold equal to 70% (configuration 1) (the management strategy used is the advanced one, see Section 3.3). In that case, the capacity of the batteries is set to 100 kW h, whatever the building insulation level and the considered scenarios. One can also note that the total power capacity installed (with or without verticalaxis wind turbine) is higher when equipping the building with batteries than it is with no electricity storage. This is the consequence of an increase in energy consumption due to both the energy losses in the batteries and the need to maintain these batteries at minimum capacity. In addition, one can note that, whatever the behaviour scenario, no impact on the production systems design is noticed. Indeed, shifting some activities from on-peak to off-peak periods (using demand response mechanisms) does not impact this design. In opposition, the building insulation level, when it is improved from 1980's to RT2005 standards, allows the total power capacity to be reduced, as a result of a significant decrease in energy consumption. By switching from OS 1 to OS 2 , the total power capacity is increased, with the exception of a building that agrees with 1980's insulation standards and a grid threshold equal to 70%. In that case, the wind turbine peak power is reduced, as a result of an increased energy consumption during daylight hours (in particular during periods of strong sunlight, even if the overall energy consumption is reduced). From an overall point of view, one can observe that the total power capacity is higher for T grid = 70% (the electricity grid is in need of energy during peaks of demand only) than it is for T grid = 30% (energy can be appropriately injected to the grid most of the time).
Finally, whatever the grid threshold T grid (and, consequently, whatever the electricity grid status), one can clearly observe when looking at Figures 12 to 16 (RT2005 insulation standards, occupancy scenario OS 2 and behaviour scenario BS 1 ) more interaction with the batteries during summer than the rest of the year. Indeed, energy release is clearly correlated with consumption. Moreover, a decrease in the amount of energy injected to the grid is observed during storage times.
Grid threshold set to 70%
In this section of the paper, a complete analysis of the noteworthy configurations we obtained for T grid = 70% is carried out (the advanced management strategy is applied to the building equipped with energy production and storage systems) (Tables 12 to 14) , taking as references the configurations we highlighted for the manage- Table 12 : Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, E max bat is the rated capacity of the batteries, E c ren is the amount of energy produced and consumed in situ, E inj is the amount of energy injected to the electricity grid, Eext is the amount of energy extracted from the grid and Esto is the amount of energy stored in the batteries. T grid = 70%.
Building characteristics
Conf Table 13 : Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, E max bat is the rated capacity of the batteries, %sc is the percentage ratio of the renewable energy consumed to the renewable energy produced in situ, %ren is the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed, Jren is about the renewable energy use and Jcost is the (annual) economic cost. T grid = 70%.
Conf Table 14 : Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, E max bat is the rated capacity of the batteries, I inj is about the impact on the electricity grid of local production of renewable energy, Iext deals with the impact on the grid of energy extraction and I grid is the overall impact. T grid = 70%. Table 17 : Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, E max bat is the rated capacity of the batteries, I inj is about the impact on the electricity grid of local production of renewable energy, Iext deals with the impact on the grid of energy extraction and I grid is the overall impact. T grid = 30%.
Conf ple, P wt is decreased from 20 to 10 kWp when switching from configuration 2.3 (1980's insulation standards, occupancy scenario OS 1 , behaviour scenario BS 2 ) to configuration 8.3 (RT2005 insulation standards, occupancy scenario OS 2 , behaviour scenario BS 2 ). One can also note that adding (well-designed) batteries to the building, when it is equipped with a combination of photovoltaic solar panels and a vertical-axis wind turbine, tends to increase the total power capacity, in particular with RT2005 insulation standards. For example, the total power capacity is increased from 15.5 to 18.9 kWp (+3.4 kWp) when adding batteries to the building (RT2005 insulation standards) and con- When the electricity grid is in need of energy during peaks of demand only (what leads to T grid = 70%), adding (well-designed) batteries to the considered house and managing the energy production and storage systems using the proposed advanced strategy (see Section 3.3) change the way this residential building and the grid interact. In particular, one can remark that, for most of the configurations, I ext (which is about the impact on the grid of energy extraction) decreases whereas I inj (which is about the impact on the grid of local production of renewale energy) increases. The overall impact criterion (I grid ) is improved (Table 14) . As a first example, I ext is decreased from 6031 to 4711 (−1320) whereas I inj is increased from −535 to 982 (+1571) when switching from configuration 3.2 (P pv = 8 kWp and P wt = 15 kWp) to configuration 3.3 (batteries of a rated capacity of 200 kW h are added to the building) (1980's insulation standards, occupancy scenario OS 2 , behaviour scenario BS 1 ). As another example, I ext is decreased from 4764 to 3543 (−1221) whereas I inj is increased from −172 to 1298 (+1470) when switching from configuration 5.2 (P pv = 7.4 kWp and P wt = 11 kWp) to configuration 5.3 (batteries of a rated capacity of 200 kW h are added to the building) (RT2005 insulation standards, occupancy scenario OS 1 , behaviour scenario BS 1 ). Finally, batteries for electricity storage allow the (annual) economic cost (J cost ) to be reduced up to 110 e, depending on the configuration (i.e. the building insulation level and scenarios) (T grid = 70%). Electricity storage (using batteries), even though technologies have to be perfected, is an interesting option for overcoming renewable energy's intermittency. Indeed, it contributes to fill the gap between local production and demand in energy.
Grid threshold set to 30%
As for an electricity grid which is in need of energy during peaks of demand only (T grid = 70%), a complete analysis of the noteworthy configurations we obtained for T grid = 30% is carried out in this section (the advanced management strategy is applied to the building equipped with energy production and storage systems) (Tables 15  to 17 ). We took as references the configurations we highlighted for the management of the building energy resources when the building is not equipped with batteries for electricity storage (Table 11) . First, one can note that P pv (the photovoltaic solar panels peak power) and P wt (the vertical-axis wind turbine peak power) are both clearly impacted when changing the building insulation level and/or the scenarios. As one can see in Table 15 , P pv and P wt are decreased when improving the insulation level (from 1980's to RT2005 standards) and adding (welldesigned) batteries to the building, whatever the considered scenarios. For example, P pv and P wt are reduced from 5.7 to 3.5 kWp (−2.2 kWp) and from 25 to 17 kWp (−8 kWp), respectively, when switching from configuration 1.3 to configuration 5.3 (E max bat = 200 kW h). As another example, P pv and P wt are reduced from 6.1 to 3.6 kWp (−2.5 kWp) and from 23 to 16 kWp (−7 kWp), respectively, when switching from configuration 4.3 to configuration 8.3 (E max bat = 200 kW h). As for T grid = 70%, one can note that adding (well-designed) batteries to the building, when it is equipped with a combination of photovoltaic solar panels and a vertical-axis wind turbine, tends to increase the total power capacity, wathever the building insulation level. For example, the total power capacity is increased from 25.1 to 30.7 kWp (+5.6 kWp) in case of adding batteries to the building (1980's insulation standards) and considering occupancy scenario OS 1 and behaviour scenario BS 1 . It is increased from 13.9 to 19.8 kWp (+5.9 kWp) when resorting to electricity storage and considering occupancy scenario OS 2 and behaviour scenario BS 1 (RT2005 insulation standards). One can also remark that, when adding batteries to the building, the total power capacity installed is higher for T grid = 30% (energy can be appropriately injected to the grid most of the time) than it is for T grid = 70% (the electricity grid is in need of energy during peaks of demand only). In addition, electricity storage allows J ren to be improved, as a result of an increased renewable energy coverage rate (% ren ) and a better percentage ratio of the renewable energy consumed to the renewable energy produced in situ (% sc ). As an example, J ren is increased from 20 to 24.5% (+4.5 pts) when switching from configuration 1.2 (P pv = 5.7 kWp and P wt = 25 kWp) to configuration 1.3 (batteries of a rated capacity of 200 kWh are added to the building) (1980's insulation standards, occupancy scenario OS 1 , behaviour scenario BS 1 ). As another example, J ren is increased from 19.7 to 26.1% (+6.4 pts) when switching from configuration 7.2 (P pv = 3.8 kWp and P wt = 16 kWp) to configuration 7.3 (batteries of a rated capacity of 200 kW h are added to the building) (RT2005 insulation standards, occupancy scenario OS 2 , behaviour scenario BS 1 ). In addition, taking a look at Tables 13 and 16 , one can remark that J ren is lower for T grid = 30% than it is for T grid = 70%, when the building is equipped with batteries and a combination of photovoltaic solar panels and a vertical-axis wind turbine. Otherwise, electricity storage allows both the amount of energy injected to the grid (E inj ) and the amount of energy extracted from the grid (E ext ) to be reduced. When switching from configuration 2.2 to configuration 2.3 (1980's insulation standards, occupancy scenario OS 1 , behaviour scenario BS 2 ), E inj is reduced from 22 003 to 19 564 kW h (−2439 kW h) whereas E ext is reduced from 26 517 to 24 455 kW h (−2062 kW h). E inj is reduced from 16 120 to 14 001 kW h (−2119 kW h) and E ext is reduced from 16 697 to 14 908 kW h (−1789 kW h) when switching from configuration 6.2 to configuration 6.3 (RT2005 insulation standards, occupancy scenario OS 1 , behaviour scenario BS 2 ). For T grid = 30% (energy can be appropriately injected to the grid most of the time), the decrease due to electricity storage one can observe in both the amount of energy injected to the grid (E inj ) and the amount of energy extracted from the grid (E ext ) is lower than it is for T grid = 70% (the electricity grid is in need of energy during peaks of demand only).
As for an electricity grid which is in need of energy during peaks of demand only (T grid = 70%), equipping the considered house with (well-designed) batteries and managing the energy production and storage systems using the proposed advanced strategy (see Section 3.3) change the way this residential building and the grid interact. I ext (which is about the impact on the grid of energy extraction) decreases if the building insulation level agrees with 1980's standards whereas it increases if this level agrees with RT2005 standards. The overall impact criterion (I grid ) is improved and always positive (Table 17) . As a first example, which is about 1980's insulation standards, I ext is decreased from 5567 to −3630 (−9197) whereas I inj is increased from −2156 to 7548 (+9704) when switching from configuration 3.2 (P pv = 6.1 kWp and P wt = 22 kWp) to configuration 3.3 (batteries of a rated capacity of 200 kW h are added to the building, occupancy scenario is OS 2 and behaviour scenario is BS 1 ). As another example, which is about RT2005 insulation standards, I ext and I inj are both increased from 4437 to 5670 (+1233) and −2101 to −1923 (+178), respectively, when switching from configuration 5.2 (P pv = 3.5 kWp and P wt = 17 kWp) to configuration 5.3 (batteries of a rated capacity of 200 kW h are added to the building, occupancy scenario is OS 1 and behaviour scenario is BS 1 ).
Finally, batteries for electricity storage allow the (annual) economic cost (J cost ) to be reduced up to 60 e, depending on the configuration (i.e. the building insulation level and scenarios) (T grid = 30%). As for T grid = 70%, electricity storage, even though technologies have to be perfected, is an interesting option for overcoming renewable energy's intermittency and contributes to fill the gap between local production and demand in energy.
Conclusion and outlook
Decentralized power generation, as a result of both an increasing demand in energy and the exhaustion of fossil fuels, is leading the way to fight global warming and promote energy efficiency. However, because a massive penetration of renewable energy sources affects the physical operation of a grid, dramatic changes in planning practices as well as an increased flexibility are required. So, a new approach to energy resources management is proposed for residential microgrids. In this sense, the thermal behaviour of a grid-connected building equipped with energy production and storage systems has been modelled using the TRNSYS (Transient System Simulation Tool) software. The house faces south and is inhabited by four persons (two adults and two children).Besides, we considered 1980's and RT2005 insulation standards and proposed realistic occupancy (OS 1 and OS 2 ) and behaviour (BS 1 and BS 2 ) scenarios. We defined BS 2 by shifting some domestic loads from on-peak to off-peak periods. The data about energy consumption (for each room and all the identified consuming items) we collected in the real residential building located in Perpignan (Perpignan-Méditerranée agglomeration community, Languedoc-Roussillon region, south of France) allowed the model to be successfully validated. Consequently, the model can be regarded as fully representative of the building thermal behaviour.
We developed two strategies one can apply to the considered residential building so as to manage its energy resources optimally. The first one (titled "reference" strategy) deals with managing energy production systems only (photovoltaic solar panels or a combination of photovoltaic solar panels and a vertical-axis wind turbine). With the second one (titled "advanced" strategy), one can manage both the renewable energy production and the batteries used for electricity storage. Energy and economic criteria have been defined in order to evaluate the proposed approach. Whatever the strategy used, the electricity grid status is taken into consideration and we highlighted interesting configurations that promote self-consumption of energy and allow the negative impact decentralized power generation can have on the grid to be minimized.
As interesting simulation results, we highlighed the combination of photovoltaic solar panels and a vertical-axis wind turbine as a viable energy mix option for residential buildings located in the south of France as well as the savings one can achieve by shifting some domestic loads from on-peak to off-peak periods. Clearly, adding a wind turbine to the building produces a greater flexibility in energy resources management. In particular, it enables an increase in the amount of energy produced and consumed in situ, even during nighttime. Without electricity storage (in that case, the "reference" management strategy is used), the wind turbine allows I inj (which is about the impact on the grid of local production of renewale energy), I ext (which is about the impact on the grid of energy extraction) and I grid (the overall impact) to be increased in case of peaks in energy demand. Note that these three criteria are reduced during low-demand periods. One can highlight the following configurations in terms of maximizing J ren (defined as a combination of the renewable energy coverage rate and the percentage ratio of the renewable energy consumed to the renewable energy produced in situ) (OS 2 and BS 1 ): P pv = 6.6 kWp and P wt = 17 kWp in case of a building insulation that agrees with 1980's standards (J ren = 20.9%), whereas P pv = 3.9 kWp and P wt = 10 kWp if RT2005 standards are considered (J ren = 20.4%).
One can also note that electricity storage, even though technologies (batteries) have to be perfected, is an interesting option for overcoming renewable energy's intermittency. It contributes to fill the gap between local production and demand in energy. In addition, batteries allow the amount of energy injected to the electricity grid to be reduced, what improves I inj . Both I ext , even if the amount of energy extracted from the grid is reduced, and I grid increase. As a key point, batteries help to extract energy from the grid at favorable times. However, the economic impact of electricity storage remains low. One can highlight the following configurations in terms of maximizing J ren (OS 2 and BS 1 ): for a grid threshold T grid equal to 30% (energy can be appropriately injected to the grid most of the time), P pv = 6.1 kWp, P wt = 22 kWp and E max bat = 200 kW h in case of a building insulation that agrees with 1980's standards (J ren = 25.4%), whereas P pv = 3.8 kWp, P wt = 16 kWp and E max bat = 200 kW h if RT2005 standards are considered (J ren = 26.1%); for a grid threshold T grid equal to 70% (the electricity grid is in need of energy during peaks of demand only), P pv = 8 kWp, P wt = 15 kWp and E max bat = 200 kW h if 1980's insulation standards are considered (J ren = 32.7%), whereas P pv = 7.8 kWp, P wt = 10 kWp and E max bat = 200 kW h in case of a building insulation that agrees with RT2005 standards (J ren = 37.0%).
Future work will first focus on developing and testing in simulation a predictive strategy so as to refine, in particular, the batteries management. With such a strategy, energy resources availability (total solar irrandiance and wind speed), changes in energy demand, as well as the electricity grid status will be anticipated. Therefore, an in situ validation of all the proposed strategies will be launched. Finally, we will evaluate the impact on energy resources management and performance of geographical factors (to this end, we will consider various possible locations for the considered building, in particular windy and/or sunny locations as well as locations with no significant wind and sun resources), different heating systems (an all-electric 26 system, a heat pump system, a geothermal system with radiant floors, a solar system...) and Domestic Hot Water (DHW) production.
